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Due to increasing airport congestion the German research project ’Bu¨rgernahes Flugzeug’
(BNF, citizen friendly airplane) investigates the potential of aircraft for a possible future
air transportation system integrating small airports. Key technologies like aerodynamics
for developing new generation quiet, efficient, short take-off and landing (QESTOL) aircraft
are meant to be made available via Computational Fluid Dynamics (CFD) and new wind
tunnel data. Subject of these studies is a generic twin-engine single-aisle configuration with
an active high-lift system and a turboprop propulsion system. With respect to aerodynam-
ics, the possible benefits of the propeller slipstream interaction with the flow field around
an active high-lift wing are explored. The first step, the propeller design for the turboprop
propulsion system of the aircraft is conducted taking aerodynamic and aeroacoustic con-
straints into account. This propeller is scaled down to suit a wind tunnel (w/t) model with
an active high-lift wing. Aspects of the integration of the turboprop propulsion system on
the wing half model and instrumentation of the propeller wind tunnel model are examined.
Nomenclature
a Speed of sound, [ms ]
b Wingspan, [m]
BET Blade element theory
BNF Buergernahes Flugzeug, (citizen friendly air-
craft)
cf Friction coefficient, [−]
CL Aircraft lift coefficient, [−]
cl Airfoil lift coefficient, [−]
CP Power coefficient, [−], CP = Pρ·n3·D5
CT Thrust coefficient, [−], CT = Tρ·n2·D4
CMya Torsional load coefficient at blade root caused
by aerodynamic forces
CMym Torsional load coefficient at blade root caused
by centripetal forces
CFD Computational Fluid Dynamics
CFRP Carbon fibre reinforced plasic
D Propeller diameter, [m]
Dspin Propeller spinner diameter, [m]
DLR Deutsches Zentrum fu¨r Luft- und Raumfahrt
(German Aerospace Center)
f Frequency, [Hz]
H Flight altitude, [ft]
He Helmholtz number, [−]
J Advance ratio, [−], J = v∞n·D
k Scaling factor, [−]
M Free stream Mach number, [−]
MH Helical blade tip Mach number, [−]
MTOM Maximum take off mass, [kg]
n Propeller rotational speed,
[
1
s
]
nblade Number of propeller blades, [−]
P Power, [kW ]
Q Torque, [Nm]
QESTOL Quiet efficient short take-off and landing
R Absolute radius, [m]
r Radius, [m]
RANS Reynolds-averaged Navier-Stokes (equa-
tions)
Re Reynolds number, [−]
RPK Revenue passenger kilometer
SPL Sound pressure level, [dB(A)]
STOL Short take-off and landing
T Thrust, [N ]
v∞ Free stream velocity,
[
m
s
]
w/t Wind tunnel
y+ Non-dimensional wall distance, [−]
Subscripts
cr Cruise conditions
fs Full scale
to Take-off conditions
wt Wind tunnel scale
∗Research Engineer, Transport Aircraft Department
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Symbols
β75 Blade pitch angle at 75% radius, [
◦]
η Efficiency, [−]
Λ Wing aspect ratio , [−]
ρ Density,
[
kg
m3
]
ρm Propeller material density,
[
kg
m3
]
ϕ25max Maximum Blade sweep angle at
r
R = 1.0, [
◦]
ϕ Blade sweep angle, [◦]
I. Introduction
During the last decades, a continuous growth of the worldwide air traffic has been observed. Despite
some periods of regression, air traffic proved its resilience to economic and financial crisis. In numbers, the
worldwide air traffic in 2010 measured in revenue passenger kilometers (RPK) increased by a factor of ten
with respect to 1970. Historically fostered data and the predicted development is depicted in figure 1.
Figure 1. Evolution of the worldwide air traffic1 [Courtesy of Airbus].
Within the next twenty years a continuous growth of 4.8 % in worldwide air traffic is predicted, which
leads to an increase of 156 % in 2030 compared to 2010.
In the future one of the challenges aviation industry will cope with is the increasing airport congestion. With
increasing numbers by means of RPKs, the number of flights will increase as well. Concerning todays fleet
mix and the people’s demand of affordable, sustainable, reliable and seamless mobility, it becomes evident
that the biggest amount of newly delivered aircraft will be in the segment of single-aisle aircraft around 150
seats. These facts are depicted in figure 2.
Figure 2. Demand of new aircraft in the period of
2010 to 2030, 26900 aircraft in total1 [Courtesy of
Airbus].
Including the approximately 27000 newly delivered
aircraft until 2030 the worldwide fleet will increase to
around 32000 flying aircraft.
One method of resolving the increasing airport conges-
tion at first sight is to build new or to enlarge existing
airports. Since most European major hubs are subject to
environmental or residential constraints, their extension
by building new runways is very unlikely. One reasonable
approach for the depicted challenge is to integrate smaller
already existing airfields into the future air transportation
system.
Figure 3 depicts the composition of runway lengths in
Germany. Due to the limited runway length of the men-
tioned small airfields, only smaller regional aircraft are
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able to operate there. Figure 3 states that current single-aisle aircraft need at least a runway length of
around 1700 m. The application of smaller aircraft would lead to a significant increase in flight movements,
which is neither an economically nor an ecologically acceptable solution. Due to historic development in
urban settlement the residential areas moved towards these small airfields. Aircraft operating there will
underlie strict noise and emission regulations. Therefore it is beneficial to integrate larger quiet-efficient-
short-take-off-and-landing aircraft (QESTOL) into the future air transportation system. Figure 3 predicts
them to be able to take off at nearly 90 % of Germany’s airports.
Figure 3. Composition of runway lengths in Ger-
many.2
Within the German research project ’Buergernahes
Flugzeug’ (citizen friendly airplane) partly funded by the
state of Lower Saxony, which is conducted by the Technical
University of Braunschweig, Leibniz University of Hannover
and the German Aerospace Centre (DLR), the key tech-
nologies for developing new generation QESTOL aircraft are
meant to be made available. Therefore a generic QESTOL
configuration is investigated with respect to its aerody-
namic performance, using high fidelity unsteady Reynolds-
Averaged-Navier-Stokes (uRANS) computations and wind
tunnel experiments. The generic configuration is described
as twin-engine single-aisle aircraft with a capacity of around
150 passengers. The high-lift system of the wing consists of
a gapless blown trailing edge flap, that utilizes the Coanda
effect, whereas the propulsion system is an advanced turbo-
prop. In order to generate the high amount of lift force, the
high-lift-system and the propulsion system have to interact in the most beneficial way. Taking into account
that the investigated generic configuration is considered to operate as short range aircraft, a cruise Mach
number of about M = 0.6 . . . 0.7 seems suitable. Turboprop propulsion systems promise high efficiencies
within this velocity regime. The large propeller diameter in comparison with the diameter of a jet engine
allows for bigger wing sections to interact with the slipstream. In comparison with studies as conducted by
Takallu,3 the utilization of an active high-lift system is even more promising with respect to overall lift than
a slotted flap.
In this paper, a propeller design for a next generation short range QESTOL aircraft is presented. During
the propeller design process aerodynamic and aeroacoustic constraints were taken into account. Since the
possible positive synergy between propeller slipstream and the flowfield of the gapless high-lift system are
subject of w/t-tests, the designed propeller is scaled down to suit the size of the wing w/t-model and
instrumented with unsteady pressure probes.
II. Propeller Design
II.A. Preliminary Design
In order to assess the amount of thrust needed for a QESTOL aircraft it is essential to foster several design
variables of the overall aircraft. The first step is to define when to consider an aircraft offering STOL (short-
take-off-and-landing) capabilities. In the present case the ’Dictionary of Military and Associated Terms’4
is taken as a reference. It considers a civil aircraft as STOL-capable, if the required runway length to
cross an obstacle with a height of 10.0 m is lower then 450 m. By means of preliminary aircraft design, the
required runway length is calculated by the methods published by Raymer.5 Via an iterative process several
geometrical parameters have to be defined. The amount of thrust and power to be installed are calculated
via momentum theory. Derived data from this process are presented in table 1. Examining table 1, the huge
difference between the thrust values in cruise and take-off operating point become evident. The main driver
concerning take-off thrust is the desired runway length and therefore the thrust-to-weight ratio which yields
T/W = 0.4.
The overall aircraft lift coefficient CL = 3.8 can be produced with a certain safety margin by the high-lift
system of the wing.6,7 Table 1 lists MHto ≤ 0.75 and MHcr ≤ 1.0 as the helical blade tip mach number.
The helical blade tip Mach number is defined as vector addition of the free stream Mach number parallel to
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the propeller rotation axis with the Mach number resulting from rotation at the blade tip (see equation 1).
In order to design a propeller with low noise emissions, it is important to keep this parameter as small as
possible. Therefore the given values are chosen as self-defined design guidelines.
MH =
√
v2∞+(n·D·pi)2
a (1)
II.B. Propeller Blade Design by Blade Element Theory
Table 1. Data obtained
by preliminary aircraft and
propulsion system design.
MTOM [kg] 73000
b[m] 34.0
Λ[−] 9.3
CL[−] 3.8
Mcr[−] 0.65
v∞to
[
m
s
]
51.0
Tto[N ]
1 140000
Pto[kW ]
1 11800
Tcr[N ]
1 20000
D[m] ca. 6.0
nto
[
1
min
]
ca. 800
MHto [−] ≤ 0.75
MHcr [−] ≤ 1.00
1 per engine
The propeller blade geometry is designed with a blade element theory (BET)
code. Adkins8 and Larrabee9 published two only slightly different methods
to design a propeller blade by means of inviscid flow physics. These methods
consider the circulation distribution along the blade’s radius as a target function
to minimize the energy losses of the propeller blade in a certain operation point.
Betz10 already showed that the induced losses of a propeller can be minimized if
uniform axial velocity in the propeller slipstream is ensured as well as the cross
sections of the propeller slipstreams rotate around the propeller axis like a rigid
disc. For this purpose the blade is discretized in non interacting two dimensional
airfoil sections and the pitch angle as well as the chord length distribution are
evolved. The main advantage of BET is the little computation time needed
for one blade design. This allows for quick and extensive parameter variations,
which help to gain the sensitivity of the propeller performance on certain design
parameters. As BET code the software package ’Proppy’ developed by Dr.
Martin Hepperle11 (Institute of Aerodynamics and Flow Technology, DLR)
is used. This software provides the opportunity to design and analyse blade
geometries either by the method of Adkins or by the method of Larrabee and
is used inside DLR for blade design such as conducted by Lieser et. al.12
Despite the parameters given by the preliminary design (see previous section
II.A), some lift-, drag- and pitching moment polars of the propeller airfoils serve
as input data for the initial blade design process. The applied airfoils are NACA 4-digit airfoils, modified in
their thickness and camber distributions due to the local flow regime. The mentioned polars are calculated
as two dimensional sections via the Euler-Boundary-Layer-Code MSES.13
Table 2. Input data for parameter
study.
nblade[−] 6, 7, . . . , 10
D[m] 4.5, 5.0, . . . , 6.0
ncr
[
1
min
]
700, 750, . . . , 900
In order to obtain the optimal blade geometry a parameter study based
on the input values described in table 2 is conducted. The blade design is
not optimized in numerical or mathematical sense. For every parameter
combination according to table 2 one blade design via BET is performed.
The propeller is evaluated due to its efficiency under cruise condition,
which correspond to level flight at Hcr = 35000 ft, Mcr = 0.65 and Tcr =
20000 N. While the propeller diameter might differ between D = 4.5 m
and around D = 7.0 m during the design process, the spinner diameter Dspin = 1.5 m is kept constant. Due
to this, the ratio of propeller and spinner diameter changes with changing propeller diameter. This approach
is self-evident, because without significant changes in thrust level, the diameter of the core engine would not
change in large scales. For every number of blades in table 2 the corresponding value ranges of revolutions
and diameters is analysed be means of figure 4.
Figure 4 shows the propeller efficiency as contour plot. The labeled lines on this surface are isolines of the
helical blade tip Mach number as calculated using equation 1. The optimal propeller according to the design
guidelines is identified as the configuration with the highest efficiency under cruise condition operating with
a helical blade tip Mach number of MHcr = 1.0, as well as it is able to deliver the required take off thrust.
II.C. Means to limit Propeller Noise Emissions
Despite the requirements concerning overall performance the designed propeller is meant to operate as quiet
as possible during take-off and cruise flight. One parameter with huge influence on the emitted noise of the
propeller is the already mentioned helical blade tip Mach number MH (see equation 1). Since this parameter
is already minimized with MHto = 0.75 and MHcr = 1.0 no further decrease without significant loss in
efficiency is possible. These circumstances are likewise depicted in figure 4. For a given number of blades a
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Figure 4. Parameter variation for nine propeller blades at cruise conditions: Tcr = 20000N, ρcr = 0.378 kg/m3, Mcr = 0.65.
reduction in the helical blade tip Mach number leads either to a smaller diameter D or a smaller number of
revolutions per minute n but always to lower efficiency.
Another adjustable parameter in the sense of reducing noise emissions is the blade contour by means of
a scimitar shaping. Based on the work of Succi,14 a scimitar shape against the sense of rotation is applied
on the propeller blade. This kind of shape modification influences the noise emissions in the near- and
farfield. Succi states that the emitted noise decreases with increasing scimitar like deflection. Furthermore
the deflection becomes more efficient when the steepest gradient of the sweep angle distribution corresponds
with the radial location of the biggest blade load. The area of the biggest blade load is supposed to be within
r
R = 0.75 . . . 0.85. With increasing blade deflection in its rotational plane the loads at the blade root increase
as well. This issue is related to the offset between the outer cross sections and the blade root. It creates a
lever between the point of load incidence of a certain cross section and the blade root. Another effect is the
bending of the blade’s elastic centerline due to the displacement of mass which leads to torsional loads due
to centripetal forces caused by the propeller rotation. Both effects increase the torque loads at the blade
root. It is essential to trade off the advantages of decreasing noise with increasing structural blade loads. In
order to cope with that trade off, a parameter analysis is performed.
By combining BET with simple noise analysis methods to derive thickness and loading noise the sensitivity
of root torque and noise emission due to in plane blade deflection can be analyzed. The BET software package
’Proppy’ provides the opportunity to analyse the designed blade geometry according to an acoustic analogy
as published by Lighthill.15 The root torque is examined in terms of aerodynamically induced loads (CMya)
and loads caused by deflected mass (CMym). The torque coefficient of aerodynamic loads is defined as
CMya =
Mya
ρ · n2 ·D5 (2)
while the coefficient for torque caused by mass forces is defined as
CMym =
Mym
ρm · n2 ·D5 . (3)
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The tangential slopes of the blade’s quarter chord line serve as input to the performed parameter analysis.
These slopes are defined as function of the blade radius according to
ϕ25 = ϕ25max ·
( r
R
)i
. (4)
ϕ25max defines the maximum deflection angle at
r
R = 1.0 corresponding to the blade tip. The parameter
i in equation 4 controls the location of the maximum slope. The performed parameter analysis varies
ϕ25max = −20.0 ◦ . . .− 50.0 ◦ while i is held constant and varies i between 2 and 6 while ϕ25max = −20.0 ◦ is
kept constant. Figure 5(a) and figure 5(b) show the different sweep distributions.
(a) Variation of ϕ25max , i = 2. (b) Variation of i = 2, ϕ25max = −20◦.
Figure 5. Blade sweep distributions.
After applying the different sweep distributions the pitch angle distribution of the modified blade is
corrected for cruise conditions by BET to ensure maximum efficiency. To be noticed, there is nearly no
influence of the blade sweep on the efficiency of the propeller to be detected by BET. This traces back on
the lack of BET to analyze complex three dimensional shaped blades. The results of the noise analysis
concerning increasing sweep angle deflection at constant i = 2 are shown in figures 6(a) and 6(b).
(a) cruise (b) take-off
Figure 6. Spectral SPL, observer at 0m, 0m,−10m, Variation of ϕ25max , i = 2.
These figures illustrate the SPL related to the harmonics of the propeller’s rotational frequency. The
acoustic observer is placed 10 m beneath the propeller center. Since the conducted noise analysis does not
claim to be correct in a quantitative manner the free choice of the observer’s position is justifiable. One
advantage of the chosen position is the equal distance to the up and to the down stroking blade which differ
in their blade loads and hence in their noise emissions. Equal distances to the observer avoid a weighting
of their different noise levels. One conclusion of figures 6(a) and 6(b) is that the propeller emits higher
SPL-levels during take-off then under cruise conditions. This is obvious due to the huge difference in blade
loading (see section II.A). A second conclusion that can be drawn from the figures is the positive influence
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of blade sweep on the overall SPL irrespective of flight conditions. With increasing deflection of the blade
tip the SPL decreases. It can be stated that this positive influence increases at higher harmonics of the
rotational frequency.
The influence of the location of maximal slope of the sweep distribution on the SPL under take-off and
cruise conditions is illustrated in figures 7(a) and 7(b).
(a) cruise (b) take-off
Figure 7. Spectral SPL, observer at 0m, 0m,−10m, Variation of i, ϕ25max = −20◦.
According to the previously presented results the figures 7(a) and 7(b) emphasize the fact that the pro-
peller’s operating noise level is lower under cruise than under take-off conditions. Analysing these figures
in detail and recalling that Succi14 states that a blade sweep is more efficient if the location of the steepest
gradient falls within the loctaion of the biggest blade load, it becomes obvious that this statement cannot
be reproduced by the simulation techniques applied here for SPL calculation.
Considering figure 5(b), the location of the steepest gradient in the sweep distribution moves towards
the blade tip with increasing i, but the blade area with small sweep becomes even larger. This development
can be considered as positive concerning the torsional loads at the blade root but as disadvantage in case of
quiet propeller operation at take-off.
Since one side in the above mentioned trade off between noise emission and structural load is illustrated
above, the following will concentrate on the impact of in plane blade sweep on structural loads, especially
the torsional loads at the blade root. As well as concerning the emitted SPL, the results shown here do not
claim to be quantitatively correct but help to understand the constraint between blade sweep and structural
forces. The figures 8(a) and 8(b) show the torsional load coefficient at the blade root under cruise and
take-off conditions. The red curves corresponds to the loads induced by the deflection off mass multiplied
with the centripetal acceleration, while the blue curve corresponds to aerodynamically induced loads.
The comparison of the moments caused by mass deflection (CMym , red curve) between cruise and take-off
condition shows only minor differences. BEcause the propeller’s rotational frequencies do not differ much
between cruise (ncr = 700 1/min) and take-off (nto = 793 1/min), this phenomenon can easily be explained.
The difference between cruise and take-off condition in case of aerodynamic caused blade root loads is bigger
the previously examined. The main driver is the huge thrust difference between cruise and take-off. Overall
the behaviour of the root loads with regards to the blade sweep variation is as expected. With increasing tip
deflection at constant i = 2 the root load increases. According to bigger thrust loads at take-off conditions,
the sensitivity of the torsional loads to increasing blade sweep is bigger at this operating point.
Figures 9(a) and 9(b) illustrate the behavior of torsional blade loads with varying position of the steepest
gradient in blade sweep, meaning witch varying i in equation 4.
The major trends correspond to the previously examined for the variation of ϕ25max , negligible difference
between cruise and take-off for loads caused be deflected masses, major differences between cruise and take-
off for loads caused by aerodynamic forces according to greater thrust load at take-off operating point. With
varying i the loads in the cruise and take-off operating point show the expected behavior. If i is increased,
the point of the steepest gradient in blade sweep moves in direction of the blade tip. That causes a greater
region towards the propeller’s hub with nearly no deflection and minor impact on torsional loads at the blade
7 of 18
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(a) cruise (b) take-off
Figure 8. Torsional loads at blade root, CMym caused by blade masses and centripetal acceleration, CMya caused by
aerodynamic loads, Variation of ϕ25max , i = 2.
(a) cruise (b) take-off
Figure 9. Torsional loads at blade root, CMym caused by blade masses and centripetal acceleration, CMya caused by
aerodynamic loads, Variation of i, ϕ25max = −20◦.
root.
In order to draw a conclusion out of the conducted parameter study it is necessary to clarify the scope of
this propeller design process. The major aim is to design a quiet propeller that is able to deliver the needed
take-off thrust. Afterwards this propeller has to be efficient in cruise operation. At this point of the design
process no manufacturing process or method has been defined, which makes it impossible to quantify the
impact of blade sweep on the blade loads by means of total numbers. The material density ρm in equation
3 is not yet defined and can differ between ρm = 2700 kg/m3 for simple aluminium alloy and ρm = 1500 kg/m3
for carbon fiber reinforced plastic (CFRP) as examples. Here the choice is to take the maximum deflection
at the blade tip as ϕ25max = −20◦ and i = 2 which leads to a sweep describing equation
ϕ25 = −20◦ ·
( r
R
)2
. (5)
Table 3 summarizes the propeller performance according to BET.
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II.D. Verification of Blade Design with the DLR Tau-Code
Table 3. propeller performance data
according to BET analysis.
cruise take-off
T [N ] 20000.00 140000.00
P [kW ] 4732.00 16542.00
η [] 0.81 0.43
n
[
1
min
]
700.00 793.60
v∞
[
m
s
]
192.00 51.00
M [−] 0.65 0.15
MH [−] 0.99 0.75
β75 [
◦] 52.50 32.00
After the preliminary design via BET the blade geometry is analysed
with the DLR Tau-Code.16 Tau is a software to solve the Reynolds-
averaged-Navier-Stokes (RANS) equations. The development of Tau was
basically started in the German CFD (Computational Fluid Dynamics)
project MEGAFLOW16 and is still under development by the C2A2S2E
(Center for Computer Applications in Aerospace Science and Engineer-
ing) department of the DLR Institute of Aerodynamics and Flow Tech-
nology.
In case of the simulation of the BNF propeller a central finite volume
scheme for the spatial discretization is used, whereas the discretization in
the time domain is done by a Runge-Kutta scheme. As turbulence model
a one-equation model by Spalart-Allmaras17 is used.
On the one hand the quality of the numerical solution depends on the used physical model and on
the other hand on the resolution and quality of the used grids. The hybrid grids for the BNF propeller
are generated with the commercial software Centaur18 developed by CentaurSoft. Centaur discretizes the
analysed geometry surfaces e.g. with triangles. In order to correctly solve the boundary layer, a prismatic
grid is attached to the surface triangles. This nearfield grid is generated such to yield a non-dimensional
wall distance of y+ = 1 for the initial layer. The farfield is resolved by a tetrahedral grid. The different grid
areas are displayed in figure 10.
Figure 10. grid setup for propeller simulation, nearfield
mesh colored blue.
In order to reduce the mesh size, it is gener-
ated with utilisation of periodic boundary condi-
tions. These special boundary conditions provided
by the DLR Tau-Code allow for the simulation of the
whole propeller by calculating the flow within only
one angular segment, Figure 11 explains its func-
tionality. The geometry in the red angular segment
is the only part of the propeller and its farfield that
is discretized by the computational grid as described
above, periodicity is denoted by the blue arrow. The
wake of the gridded blade acts as its own incom-
ing flow. The utilisation of these periodic boundary
condition prohibits investigations with non parallel
propelleraxis to incoming flow direction. Despite the
periodic boundary conditions an inviscid boundary
is used for the spinner surface while a fully turbulent
viscous boundary is applied to the blade surface. The declaration of the spinner surface to be inviscid is
necessary to avoid an unphysical rotating boundary layer.
Figure 11. functionality of periodic boundary conditions in RANS-computations.
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Several simulations are conducted for cruise and take off conditions. Table 4 summarizes the computed
data for take off operation point.
Table 4. Propeller performance due to RANS computations.
v∞
[
m
s
]
n
[
1
min
]
β75 [
◦] T [N ] P [kW ] η [−]
51.0 793.7 30.5 128317.4 12317.7 0.53
51.0 793.7 32.0 138804.7 14003.5 0.51
51.0 793.7 33.5 148023.0 16033.8 0.47
Figure 12 compares the propeller performance due to RANS computations with the data evolved from
BET analysis. The design point for take off is marked by a dashed line. A very good correspondence
between BET and RANS solutions for the design point becomes obvious, whereas aside this design point the
differences in calculated thrust and power become larger.
Figure 12. Comparison of propeller performance calculated by BET and
RANS at take off conditions: Tto = 138804N, ρto = 1.225 kg/m3, Mto = 0.15.
One possible explanation for
these larger differences consists in
the behavior of the boundary layer
of rotating systems.19 Due to
the centripetal forces the boundary
layer tends to flow in radial direc-
tion towards the blade tip. This
fact leads to thinner boundary lay-
ers in the three dimensional flow
regime of the propeller blade as
those calculated by MSES for the
BET input data. That means, that
the RANS computations show three
dimensional effects which can not
be calculated with the BET code.
Despite the fact that the thinner
boundary layer provides a buffer
concerning thrust loading it can
be stated that the propeller oper-
ates close to its aerodynamic limits.
Analysing the distribution of the friction coefficient cf on the blade’s surface as shown in figure 13 affirms
that.
In figure 13 a separation at the blade’s leading edge can be identified. In the blue area on the suction
side the flow separates turbulently to attach again further downstream, as shown in figure 14. This behavior
states that the different airfoil sections operate close to their maximum lift coefficient clmax and leads to
a small decrease in efficiency during take off. All techniques to its elimination significantly decrease the
efficiency in cruise conditions.
One proven concept to lower the blade loading is to increase its area, either by increasing the diameter or
by increasing the chord length. Expanding the diameter does not seem the right solution as the helical blade
tip Mach number should to be held as low as possible. An expansion in chordwise direction with constant
diameter would lower the propeller blade’s aspect ratio and therefore increases the induced drag which has
a negative effect on the propeller’s efficiency. The final propeller configuration shows figure 15.
III. Propeller Integration on the Wind Tunnel Model
Within the BNF project wind tunnel tests in the low speed facility (NWB) of the German-Dutch-Wind
Tunnels (DNW) are planned. The experimental setup consists of a wing half model and the propeller
introduced in the previous chapter. The propeller is driven by an electric motor.
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Figure 13. Friction coefficient on blade surface under take off conditions: Tto = 138804N, ρto = 1.225 kg/m3, Mto = 0.15.
Figure 14. Flowfield at airfoil section rR = 0.66 under take off conditions: Tto = 138804N, ρto = 1.225
kg/m3, Mto = 0.15.
III.A. The Wing
The aerodynamic design of the wing is conducted by the ’Institute of Flow Technology’ of the Technical
University of Braunschweig. The wing cross section is the DLR-F15 airfoil, a generic supercritical airfoil. In
this baseline airfoil a flap that utilizes the Coanda effect is integrated. The flap originates from the baseline
geometry by a simple rotation about a point on the airfoil’s pressure side at 75 % of the local chord length.
The suction side at the hinge point is replenished with constant radius. On the airfoil’s suction side a slit
is placed that blows out pressurized air tangentially to the flap surface. The slit height is dimensionized to
0.6 h according to optimizations in reference.7 Figure 16(a) shows the cross sections with key dimensions.
As result of the design process the planform of the wing has a span of b = 2.1 m. The inboard part with
a span of b = 1.6 m has a constant chordlength of c = 0.5 m and a sweep of 10◦. Along the inboard part’s
trailing edge the previously introduced gapless flap is deflected. The outboard part of the wing half model is
optional. It has a span of b = 0.5 m and tapers from 0.5 m to 0.3 m at the tip. Apart from the key planform
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Figure 15. BNF-Propeller Geometry: nine blades, D = 6.0m.
dimensions, the propeller position is sketched in figure 16(b).
(a) cross section (b) planform
Figure 16. w/t-model key dimensions.20
III.B. Propeller Scaling to Wind Tunnel Model Size
As there are aerodynamic and aeroacoustic measurements planned, the propeller has to be scaled with
aerodynamic and aeroacoustic constraints. In order to obtain aerodynamic similarity, geometric similarity
and either Mach number or Reynolds number must be kept constant. Due to the limiting wind tunnel
cross section a similarity with respect to Reynolds number cannot be fulfilled . Therefore the aerodynamic
similarity is obtained by keeping the Mach number and the advance ratio J constant. In sense of aeroacoustic
similarity it is important to keep the helical blade tip Mach number constant.
The helical blade tip Mach number is responsible for the amplitudes of the sound signal. Apart from the
amplitudes the frequencies should be kept similar between full size and w/t-size of the investigated geometry.
For a similarity with respect to the frequencies in the aeroacoustic signal the Helmholtz number has to be
constant. The Helmholtz number is defined by equation 6.
He = D·n·nbladea (6)
It describes the ratio of a characteristic length of the model to the sonic wavelength. Acousticians
distinguish between ’acoustic compact’ and ’acoustic non-compact’ objects. ’Acoustic compact’ objects
differ significantly to ’acoustic non-compact’ objects by means of their way to emit sonic waves. Objects
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with a Helmholtz number He < 1 are considered as ’acoustic compact’. The Helmholtz number connects
the characteristic frequency of the full size model with those in w/t-size in a way that the frequencies to
be investigated in w/t-scale are higher by the inverse scale factor k. It can be stated that frequencies to
be investigated in full scale vary from f = 100 Hz to f = 10 kHz, corresponding to the audible regime of
the human ear. It might become critical that frequencies f ≥ 30 kHz are influenced while passing the free
shear layer of an open test section in the experiment. Assuming the helical blade tip Mach number MH and
the propeller’s advance ratio J as constant, the number of revolutions per minute in w/t-scale nwt can be
obtained from the revolutions per minute in full scale nfs with v∞ = const. as given in equation 7.
nwt =
nfs
k (7)
If geometrical similarity is given as well as a similar speed of sound a the forced similarity in Helmholtz
number He is automatically achieved.
In order to obtain the load distributions to conduct the structural design of the propeller wind tunnel
model, several RANS calculations were performed as described in section II.B. The propeller is scaled by a
factor k = 19 . Performance data of the scaled propeller is shown in table 5.
Table 5. propeller performance due to RANS computations in
w/t-scale.
v∞
[
m
s
]
n
[
1
min
]
β75 [
◦] T [N ] P [kW ] η [−]
51.0 7143.6 30.5 1576.3 153.7 0.52
51.0 7143.6 32.0 1699.6 174.4 0.50
51.0 7143.6 33.5 1825.6 201.1 0.46
A more detailed examination of the skin friction coefficient on the scaled propeller blade in comparison
with the full scale propeller is given in figure 17.
(a) full scale (b) w/t-scale
Figure 17. Friction coefficient cf under take-off conditions: β75 = 75
◦, ρto = 1.225 kg/m3, Mto = 0.15.
It can be stated that the flow around the w/t-model does not differ much compared to the flow on the
full scale geometry. The scaled propeller blade in figure 17 shows a slightly bigger area of flow separation in
the vicinity of the blade’s leading edge. The reason for that phenomenon are the lower Reynolds numbers
by a factor of k = 19 . The specification of the propeller in w/t scale is given in table 6.
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Table 6. Data for the pro-
peller in w/t-scale in the
take-off design point.
k[−] 19
Dwt[m] 0.667
Ttowt [N ] 1700
Qtowt [Nm] 233.1
ntowt
[
1
min
]
7143.6
Ptowt [kW ] 175
III.C. Wind Tunnel Model Propulsion Concept
The ’Institute of Aeroengines and Flow Machines’ of the Technical University of Braunschweig coordinates the
hardware acquisition and installation of the propulsion system as well as of the measurement instrumentation
of the propulsion system during the w/t-test. The challenge concerning the propulsion system of the w/t-
model is the power density that is needed in order to keep flow displacement caused by the engine as small as
possible and deliver as much power as needed to drive the propeller in its take-off operating point. Another
design criteria is the flexibility by means of engine position. As within the BNF project the possible synergetic
effects between propeller slipstream and high-lift flow field are to be investigated, it is favorable to position
the propeller at different lateral, angular and vertical distances in front of the wing. Therefore a pneumatic
or hydraulic driven engine is unlikely because the supply circuits are difficult to adapt according to different
engine positions. An electric motor seems to have the edge over pneumatic or hydraulic engines concerning
that issue (see reference21). Figure 18 shows a CAD drawing of the electric motor that is installed at the
wing.
The motor is a water cooled synchronous motor, driven by an electronic frequency converter. It measures
220 mm × 220 mm × 420 mm and provides a power of P = 180 kW at a rotational speed of n = 7150 1/min.
These quantities yield for the operation of the propeller in the take-off design point (see table 5). To obtain
values of propeller thrust and torque a measurement system is installed on the shaft. This measurement
system together with a telemetric unit transfers the measured values wirelessly from the rotating in the fixed
system. Besides the values of torque and thrust the outputs of six unsteady pressure probes installed on the
blades surface are transferred.
Figure 18. electric motor
III.D. Dimensioning of unsteady Pressure Probes
To gain a better sight into the interaction of propeller flow and that of the high-lift wing, six unsteady
pressure probes are to be installed on the blade’s pressure side as well as on the suction side. The supplying
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industry offers in principle two different configurations of unsteady pressure probes. The first one measures
the pressure against a certain reference pressure that has to be picked up at the surface of the model and
connected with the sensor itself. For resilient data the reference pressure has to be known and steady and
therefore picked up in the steady part of the w/t-model and transferred into the rotating part. Since its
installation is complex, this sensor configuration is unusable in propeller surface pressure analysis. The second
configuration measures the pressure against a reference pressure inside a sealed cavity inside the sensor. This
reference pressure is adjustable for each sensor during fabrication. The selection of the unsteady pressure
probes is related to RANS simulations of the scaled propeller. RANS simulations provide steady pressure
distributions in certain cross sections of the propeller blade. Figure 19 shows an example of the pressure
distribution on the suction side of the propeller blade as well as in the cross sections.
Concerning the pressure ranges of the sensors the coincidence of the stagnation point with the pressure
sensor position is the dimensioning case. The maximum pressure obtained by RANS simulation yields
pmax = 1.55 bar at
r
R = 0.80 on the suction side of the propeller blade (see figure 19). It can be precluded
that this maximum pressure will not be exceeded during propeller operation. As previously described in
section II.D and depicted in figure 14, the blade operates close to its maximum lift in the take-off operation
point. According to Haines22 the separation mechanism of the propeller blade can be identified as a leading
edge separation of a thin airfoil. That implies, that with higher blade loads the pressure distributions in the
different cross sections will become more bouffant, but the pressure maximum will not exceed the maximum
in the suction peak at the beginning separation.
Figure 19. pressure distribution on the suction side of the w/t-model propeller blade at take-off operating point,
chordwise position for pressure probes on suction side marked by black line.
Despite the pressure specifications the sensors are also specified by maximum acceleration that they can
withstand. In case of the rotating propeller the sensor at rR = 0.8 has to withstand a acceleration of 15000g
(with g = 9.81 m/s2) when rotating with n = 7150 1/min. Concerning the chordwise position the sensor di-
mension and the local airfoil thickness are dimensioning quantities as well as the expected flow topology.
RANS simulation imply a leading edge vortex for the full size as well as for the w/t propeller. Heidelberg23
asserts that a unsteady pressure probe positioned within this leading edge vortex produces unusually large
responses concerning the local angles of attack. All these design factors together result in the probe positions
as listed in table 7
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Table 7. position of unsteady pressure
probes.
pressure side 0.55 ·R 0.1 · c
0.65 ·R 0.1 · c
0.75 ·R 0.1 · c
suction side 0.60 ·R 0.4 · c
0.70 ·R 0.4 · c
0.80 ·R 0.4 · c
IV. Status of the Wind Tunnel Model
Concerning the w/t-model three major groups of components have to be designed, fabricated and assem-
bled. The structural propeller design is conducted by a subcontractor as well as the fabrication. The blades
are made of CFRP with steel inlays to allow for a mounting on the propeller hub. The blades are mounted
in a way that their pitch angle is adjustable.
The wing design and fabrication is done by the ’Institute of Flow Technology’ of the Technical University
of Braunschweig. It consists of a horizontal separable wing box and removable leading and trailing edge
segments. The flaps are fixed in their deflection angle and are made from aluminum alloy as the rest of the
wing parts. The slit that emits pressurized air to utilize the Coanda effect is adjustable in its height. Due
to the fact that the augmentation system is segmented in spanwise direction it allows for vast parameter
variations together with the adjustable slit height. The wing is equipped with several rows of pressure tabs
as well as small microphones for acoustic analysation of unsteady pressure effects.
Together with the applied measurement instrumentation, as mentioned in section III.C, the motor is
mounted underneath the wing. This position can be varied in axial and vertical direction. A certain incli-
nation of the propeller axis against the cross section centre line of the wing can also be realized.
With the publication of this paper the fabrication of the w/t-model is nearly completed The current
status shows figure 20.
Figure 20. Current status of w/t-model fabrication [Courtesy of N. Beck, Institute of Flow Technology, Technical
University of Braunschweig].
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V. Conclusion
Within the German research project ’Bu¨rgernahes Flugzeug’ a w/t-model of a half wing with a Coanda
effect utilizing active and gapless flap and a electric driven propeller is to be investigated by numerical and
experimental methods concerning possible synergetic effects between propeller slipstream and high-lift flow
field. In a first step a propeller for an underlying generic twin engine single aisle aircraft configuration is
designed to achieve STOL capabilities. The key challenges in the conducted propeller design are on the one
hand the huge thrust difference between cruise flight and take-off operation point as well as on the other
hand the aeroacoustic constraints that were taken into account. A preliminary design stage was conducted
with a blade element theory code that allows for vast parameter variations in short turn around times.
This capability is used to gain the sensitivity between on plane blade sweep, emitted noise and propeller
performance. The designed propeller is validated by means of RANS simulations conducted with the DLR
Tau Code using periodic boundary conditions to minimize the size of the computational grid. It can be
stated that the differences between the performance data of the propeller obtained by blade element theory
and by those obtained with RANS simulation are rather small and explainable by the lack of blade element
theory to cope with complex three dimensional shaped blade geometries. Apart from the propeller design,
the electric propulsion concept of the w/t-model was sized. The electric propulsion system is favorable
because of its flexibility in positioning, relative to the high-lift wing. To gain better sight into the interaction
between propeller and high-lift flow field, one propeller blade is equipped with unsteady pressure probes.
These probes are sized and positioned via results of RANS simulations.
VI. Outlook
The next steps concerning the investigation of the interaction between propeller slipstream and high-lift
flowfield around the wing are conducted in two major threads.
One thread is the completion of the w/t-model. That implies several tests in advance of the wind tunnel test
campaign such as ground vibration test (GVT) or and endurance test of the electric motor and propeller.
The other thread addresses the CFD simulations. The capability of CFD to capture the relevant unsteady
flow structures, especially the possible synergetic effects of propeller slipstream and high-lift flowfield will be
verified in a two steps approach. As a first step the w/t-model is simulated with a actuator disc replacing
the propeller. The second stage is the unsteady simulation of the installed rotating propeller.
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